Abstract-Point-defect kinetics are important for understanding and modeling dopant diffusion in silicon. This paper describes models for point-defect transport and recombination used in SUPREM-IV, and does extensive fitting for the model parameters. The experimental data used are from experiments on oxidation-enhanced diffusion (OED). Interstitial traps are shown to be critical for consistent agreement with experimental data. Point-defect parameters in lightly doped regions are extracted and fit to Arrhenius expressions.
dopant-defect pairs [1]- [5] all reduce to simple terms involving the point defects. The following models and parameters are used in SUPREM-IV, and may be valuable for other point-defect based diffusion solvers. For OED or ORD of lightly doped layers, the defect equations can be written as [7] = VDVVCV -KR(C1Cy -CTC*,) (2) E V at where C is the concentration, D is the diffusivity, KR is the bulk recombination constant, superscript * refers to equilibrium conditions, and the subscripts I , V , and T refer to interstitials, vacancies, and interstitial traps. KR is assumed to be a simple constant and does not include the effects of charged defects or dopant mediated recombination terms.
Griffin and Plummer [8] first proposed the use of interstitial traps to explain the differences in observed interstitial diffusivity for several experimental sources. In gettering experiments a high supersaturation of interstitials and a high interstitial diffusivity were measured. However, for OED experiments, a smaller supersaturation and diffustivity were observed. In the case of gettering, the larger supersaturation would quickly fill the traps and the traps would be only a small barrier to transport. With the smaller supersaturation of OED, the defects transport would be limited by the time required to fill the traps. The presence of traps would explain these differences, as well as some of the differences related to materials. For instance, epitaxial material has been observed to exhibit a large interstitial diffusivity even for oxidation cases [9] , whereas Czochralski material exhibits a large interstitial diffusivity even for oxidation cases [9] , whereas Czochralski material exhibits a smaller effective diffusivity. The traps appear to be related to substrate impurities from these data, but an exact atomic mechanism is unknown. The traps are assumed immobile and follow this relationship [8] :
where CTot is the total trap concentration, CT is the empty trap concentration, KT is the trap recombination constant, and C:T is the equilibrium empty trap concentration. This relationship can be derived from equilibrium considerations for the traps and interstitials. An effective diffusivity is acceptable for explaining OED, but will not be appropriate for high supersaturation that occurs in transient damage enhancements [5] , [ 
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The boundary conditions for interstitials are [7] :
where K, is the surface recombination velocity and gl is the injection flux. A similar equation holds for vacancies, but gv is zero for oxidizing condition. The interstitial injection flux, g,, can be written as
where U,, is the oxide growth velocity, V, is the lattice concentration of silicon, 5 lo2* cmP3, and 6 is the percentage of consumed silicon lattice atoms that are reinjected into the crystal as interstitials. The surface recombination velocity K,, can also depend on the surface growth rate. There is no reason to assume that the surface recombination is the same at a growing and an inert oxide surface. The surface recombination can be expressed as where u :~ is the initial oxide growth velocity for a bare silicon wafer, Klmax is the surface recombination velocity maximum at a growing interface, KImin is the velocity found at the inert interface, and aI is the decay dependence. This expression is similar to one found in Lin [ 111, but is also used to model the difference between growing and inert oxide layers. This expression takes into account the strength of the injecting interface, and provides a smooth transition between the velocities at an inert and growing interface. A similar expression applies to the vacancies.
11. EXPERIMENTS There are four main experiments that are referenced in this work for extracting point defect profiles. These experiments measure the gettering efficiency, self-diffusion, amount of oxidation diffusivity enhancement, the lateral extent of the enhancement, the effect of distance, and the interstitial-vacancy recombination. These experiments are used to extract the parameters for the equations in Section I simultaneously.
Gettering is a useful tool for investigating interstitial and vacancy behavior. This can provide an estimate for the interstitial diffusivity when the traps do not affect the profile. [21] have performed the second type of experiment, ORD of antimony. These experiments are more difficult to interpret for two reasons. First, the antimony does not diffuse very rapidly under equilibrium conditions. Retarding the diffusivity only makes accurate measurement more difficult, Second, the vacancy profile is a strong function of depth due to the presence of surface recombination which replenishes the vacancy concentration. Most of the investigators only report the measured change in diffusivity, but not the depth of the point at which they take the measurement. However, these experiments are still useful in determining the vacancy parameters.
The third type of experiment involves the lateral extent of the interstitial supersaturation. These experiments have been performed by several investigators. Both Taniguchi performed the experiments on lightly doped phosphorous material, which allows charge and field effects to be ignored in the equation formulation. Taniguchi and Lin measured the enhancement of heavily doped phosphorous layers. In both cases, they measured a decay length less than Griffin [8] , which suggests that the interstitial enhancement depends on Fermi level. This type of experiment is useful for determining interstitial diffusivity, surface recombination rates for both defects, and bulk recombination. The lateral recombination of interstitials with the surface and vacancies determines the lateral supersaturation decay length.
The final experiment uses silicon membranes [17], as shown in Fig. 2 . This experiment uses four distinct onedimensional measurements. The first cross section, marked a, has inert material on either side of the membrane. The second cross section, marked 6 , has an oxidation performed on the top side adjacent to the lightly doped marker layer. Cross section c has oxidation occurring at both the front and back sides of the wafer. The final cross section, marked d, has oxidation occurring only at the backside of the wafer. Any differences in the final profiles between cross section b and d have to be due to the transit time across the membrane. This experiment is sensitive to the interstitial diffusivity, bulk recombination, and surface recombination. Individually, these experiments do not provide enough information to completely characterize the point-defect transport and recombination. For example, the twodimensional stripe lateral decay length is affected in the same way by the bulk recombination and surface recombination along the inert oxide/silicon surface. However, if the surface recombination velocity is the parameter adjusted to find the best fit, it becomes impossible to obtain agreement with the backside oxidation studies using silicon membranes. Therefore, it is necessary to compare all of the experiments in obtaining parameters for defect transport and recombination. The extraction procedure uses an optimizer to minimize the difference between the measured and simulated enhancements and retardations. Each temperature is fitted separately and then activation energies are fitted to the resulting parameters.
RESULTS AND DISCUSSION
The parameter values extracted from the sum of the experimental data discussed previously are shown in Table  I . Two different values for the interstitial diffusivity equilibrium concentration were assumed. The first two columns indicate the result of assuming DI and CT from Bronner's results [ 121 and the second two columns assuming Boit's results [14] . This extraction was performed by optimizing the fit between the simulations, using SUPREM-IV [24] , and available experimental data at each temperature. The resulting values at each temperature were fit using an Arrhenius expression. The Arrhenius expression fit all of the parameters with a correlation coefficient of at least 0.95 with the exception of the a 1 parameter, which controls the interstitial surface-recombination rate decay as a function of the oxidation growth rate.
Assuming
There are several possible reasons why the bulk recombination activation energy may be negative. First, it is possible that the vacancies are also interacting with the bulk traps. Second, the values for defect diffusivity and equilibrium concentration product are assumed from literature [13] . These values may not be correct and would certainly affect the extracted bulk recombination. Third, dopant mediated recombination may be important. This could result in the bulk recombination having a strong dependence on dopant species and concentration. Finally, it may be due to charged defect interaction. Even though these experiments involved lightly doped layers, charge dynamics could influence the bulk recombination. If we assume only that oppositely charged pairs do not recombine, which is likely due to the coulombic repulsion, than the bulk recombination term becomes more complicated. In general it needs to be replaced with: (7) where the additional terms of cl and c2 represent the charge state of the defects, and the summation is over all relevant charge state pairs. This can be derived simply from considering all of the interactions of the various charged defect terms. This expression can be simplified to This term is much more complicated than that used in the parameter extraction, and the relative population of the defects and how they change as a function of temperature will also affect the activation energy of the total bulk recombination constant, which is the term in the sum. Recent work [25] has shown that charge terms in the recombination rates are important for phosphorus diffusion. Due to the questions about the negative activation energy, the comparison of experimental data simulated results will use the parameter set associated with assuming Boit's value of diffusivity and equilibrium concentration. . Since the injection and surface recombination depend on the growth velocity, the amount of injected interstitials is dependent on the initial oxide thickness. Two simulations ar? shown that correspond to no initial oxide and a 400-A thick initial oxide layer. The difference is quite apparent at shorter times, and this explains some of the experimental discrepancies. calculate the oxide growth velocity in a dry O2 ambient at short times. Fig. 4 shows the vacancy undersaturation as a function of time at 1100°C. The depth of the measurement is important in interpreting the results. The vacancy surface recombination replenishes the surface concentration of vacancies, and the resulting profile has a fairly strong depth dependence, which may explain some of the scatter in the experimental data. The fit between the data and simulations is acceptable, considering the many sources of experimental error. Antoniadis simulations in Fig. 3 are also shown for reference. Ahn measured a substantial difference between the front and back side oxidations that is due to the transit difference across the membrane. The transit difference is affected by the diffusivity of the interstitials, the trap concentration, and the vacancy bulk recombination. The backside experiments provide a check on the vacancy parameters, as well as the trap effects. These simulations were done with the interstitial diffusivity of Boit [ 141, which was several orders of magnitude larger than the value extracted by Ahn to fit his data [17]. This demonstrates the effectiveness of the traps in reducing the transit time measured in oxidation experiments. These experiments also put a bound on the surface recombination velocity, KImin, found at the inert oxide interface. As KImin is increased, the supersaturation reduces at the backside.
The amount of data available at 1000°C is considerably smaller. No one has reported on the results of a membrane experiment at this temperature. Additionally, it becomes even harder to measure the ORD of antimony. Front side supersaturation can be measured, and is shown in Fig. 6 . The supersaturation of interstitials is higher at this temperature than at 1100°C. Once again, the effect of the initial oxide thickness is quite large. There is a larger spread in the reported values, primarily because measurements are harder to make after lower temperature annealing. The simulations, overall, fit well to the experimental values. There have been only two reported data points on ORD of antimony at 1000°C. These are shown in Fig. 7 along with the simulated results. The fit is disappearing, but the uncertainty in the data at this temperature is quite large for the same reasons discussed earlier.
There has been little work on OED at 900°C. The available data along with simulation results are shown in Fig. 8 . The initial oxide thickness is once again a strong effect on the amount of supersaturation. The simulated predictions show good agreement with the experimental results. At this temperature, the effect of the initial oxide thickness is even more pronounced both in magnitude and in the length of time. The interstitial supersaturation in this case at short times can be a factor of 15 or more. This case is technologically important for LDD structures during the oxide regrowth after spacer formation, although the OED may be masked by heavy doping or implantation damage effects. The real difficulty in modeling OED comes in comparison to two-dimensional measured results. There are several ways to model the one-dimensional enhancement, but it is quite difficult to obtain the two-dimensional profiles correctly, due to the large difference in the lateral and vertical diffusion lengths of the defects. The profiles are strongly anisoptropic, with the lateral decay length being much shorter than the vertical decay. The lateral decay length measures the lateral decrease in the intestitial supersaturation by measuring the phosphorus enhancement under adjacent pad oxides, as shown in Fig. 1 [8] . This is caused by the combination of three recombination mechanisms in the lateral direction, which are bulk recombination with vacancies, bulk recombination with traps, and surface recombination along the oxide/silicon interface. The first two also affect the one-dimensional profiles. Fig. 9 shows the decay length as measured by Griffin [8] . These results were performed on lightly doped layers.
The agreement between experimental results and simulation is very good in the lateral direction as a function of both time and temperature. This indicates that the high interstitial diffusivity coupled with bulk traps is effective at modeling OED results in both the vertical and lateral directions. Griffin's extracted diffusivity is several orders of magnitude below that used in these simulations, but the time dependence of the interstitial decay length is still correct.
IV. CONCLUSION
The values presented here apply to lightly doped layers under dry oxidizing conditions. However, models and extracted parameters for charge effects on defects must reduce these values in the lightly doped case, which provides a base line for further extraction of parameters for defect-based models of diffusion. The bulk recombination-activation energy requires further investigation, and several possible explanations exist for a positively charged activation energy. Boit's values for interstitial diffusivity and interstitial-equilibrium concentration appear to be more consistent with OED results than Bronner's, since they result in a positive activation energy for the bulk recombination. To achieve the good fit between experiment and simulation, new models for the interface surface recombination and injection as a function of velocity are described. These models depend on the interface velocity and should scale for oxidizing cases utilizing different conditions.
